This study investigated the effects of different sugars (sucrose, fructose, glucose) and sugar alcohols (mannitol, sorbitol) applied alone and in solution with methyl jasmonate (JA-Me) on the anthocyanin content in the roots of Kalanchoe blossfeldiana. None of the sugars used individually in the experiment affected anthocyanin accumulation in the roots of intact plants. The anthocyanin level was similar to that in the control. Sucrose at concentrations of 0.5% and 3.0%, and glucose at a concentration of 3.0% inhibited anthocyanin accumulation induced by JA-Me. Only fructose at a concentration of 3.0% stimulated anthocyanin accumulation induced by JA-Me. The sugar alcohols, mannitol at a concentration of 3.0% and sorbitol at 0.5% and 3.0%, inhibited anthocyanin accumulation in the roots of intact K. blossfeldiana plants induced by JA-Me. In excised roots, both sugars and JA-Me used individually did not affect the formation of anthocyanins. Also, the sugar alcohols (mannitol and sorbitol) applied simultaneously with JA-Me had no effect on the accumulation of anthocyanins. However, roots treated with sugars (sucrose, fructose, glucose) in solution with JA-Me promoted the induction of anthocyanins in the apical parts of the roots.
Introduction
The accumulation of anthocyanins in the leaves, stem and roots is often a response of the plant to environmental stresses. Anthocyanin synthesis can be modulated by various factors such as light, plant growth regulators, sugars, and cold stress. Also, the ability to induce anthocyanins is sometimes limited by a specific phase of plant development [1] .
Sugars in plants are not only a source of energy released in the process of respiration and structural compounds but they also act as a physiological signal. Various sugars, like sucrose and maltose, can activate sugar specific signaling pathways [2] . The physiological functions of sugars are very diverse. A local increase in the concentration of sugars in different organs or individual cells contributes to the induction of plant flowering, an increase in the number of tubers in potato, and inhibition of seed germination. Sugars also fulfill an osmoregulatory function in disturbances caused by various stresses and protect cellular structures in conditions of low temperature or salinity [3] .
Sugars are important factors in the accumulation of anthocyanins, especially in plants cultured in vitro and in germinating plants [4, 5] . Different sugars have been found to enhance anthocyanin accumulation in carrot [6] , udo [7] , and strawberry [8] grown in nutrient media. Ram et al. [9] investigated the promotion of anthocyanins in leaf calluses in Rosa hybrida 'Pusa Ajay' by different sucrose concentrations. High levels of anthocyanins were obtained in Rosa cultures on Euphorbia millii medium containing 6.0% or 7.0% sucrose. However, sucrose at a concentration of 7.0% was the most effective [9] .
Sugar is an integral factor in the development of flower and petal pigmentation. Increased sugar levels intensify the color of flower petals in Liatris spicata [10] , Eustoma grandiflorum [11] , and Hyacinthus orientalis [12] .
It has been found that sugars stimulate anthocyanin biosynthesis and accumulation in the cells of Vitis vinifera [13] and Raphanus sativus [14] .
Signal transductions induced by sugars interact with hormonal pathways, which forms a complex and extensive signaling network. Many relationships between sugars and plant hormones have been demonstrated, their effect and that of other factors on embryogenesis, germination of seeds, and the early stages of plant development [15, 16] .
We previously reported that methyl jasmonate affected the induction of anthocyanins in the roots of intact Kalanchoe blossfeldiana plants under natural light conditions in a greenhouse [17, 18] (Fig. 1) . In isolated roots of K. blossfeldiana, however, JA-Me had no effect on anthocyanin synthesis. The roots were creamy, as in the control.
The accumulation of anthocyanins by sugars has been observed and well characterized in flowers and fruits, but not in the roots. Hara et al. [14] investigated the effect of sugars on anthocyanin content in Raphanus sativus hypocotyls. However, there has been little research on the interaction between sugars and JA-Me in anthocyanin synthesis in vegetative tissues.
In this paper, we report how sugars and sugar alcohols applied alone and simultaneously with JA-Me influence the accumulation of anthocyanins in the roots of intact Kalanchoe blossfeldiana plants and in excised roots of these plants.
Material and methods

Plant material and treatments
Kalanchoe blossfeldiana (Poelln.) is a popular house plant that comes from Madagascar. Cuttings for the experiment were obtained from mature plants cultivated in a greenhouse of the Research Institute of Horticulture. Seedlings were rooted in distilled water. Roots of intact plants or excised roots were kept in solutions of sugars (sucrose, glucose, fructose) or sugar alcohols (sorbitol, mannitol) used individually and combined with JA-Me. Based on the literature data, we tested various concentrations of sugars and JA-Me. In the experiment, we used two intermediate concentrations of sugars: 0.5% and 3.0%, and JA-Me at 20 mg l −1 (89.2 µM). Sugar concentrations higher than 3% had a toxic effect on the roots of intact K. blossfeldiana plants. It was observed that seedlings treated with JA-Me above 40 mg l −1 were losing leaves.
The roots of intact plants and excised roots were soaked in solutions of the test compounds and maintained for two weeks under natural light conditions in a greenhouse. The control plants were Kalanchoe blossfeldiana seedlings immersed in distilled water. Separate experiments for each sugar for intact plants and excised roots were carried out from January to June. The temperature in the greenhouse was 22 ±3°C / 18 ±3°C (day/night).
Anthocyanin measurements
Roots of intact plants of Kalanchoe blossfeldiana were collected after 14 days from the start of the experiment. Anthocyanin content in the roots was analyzed according to the method described by Mancinelli et al. [19] with small modifications. In the isolated (excised) roots the level of anthocyanins was not measured and only morphological observations were made.
The pigment was extracted for 24 h at 4°C in 5 ml methanol containing 1% HCl. Then, the extract was centrifuged at 6000× g for 10 min. After centrifugation, the anthocyanin content in the supernatant was estimated by measuring absorbance at 530 nm using a spectrophotometer. The total anthocyanin content was calculated using the extinction coefficient value 29 600 of cyanidin-3-glucoside and expressed in µg g −1 fresh weight (FW). Five to seven plants were used for each treatment. The results are the mean of five independent replicates. The results were statistically processed using variance analysis. To evaluate the differences between means, Duncan's multiple range test was used, assuming the level of significance at P = 0.05.
Results
Intact plants
The levels of anthocyanins in K. blossfeldiana (Poelln.) roots after separate treatments with sugars and in combination with JA-Me at 20 mg l −1 (89.2 µM) were analyzed. The results showed that the applications of sucrose, fructose, and glucose individually in the solution did not affect the accumulation of anthocyanins in the roots of intact Kalanchoe blossfeldiana plants (Fig. 2-Fig. 4 ). The anthocyanin content in the control plants (distilled water) was 82.5 µg g −1 FW, while after treatment with sucrose it was 70.30 µg g −1 FW (Fig. 2 ). When sucrose (0.5%, 3.0%) and glucose (3.0%) were applied to the roots together with JA-Me, inhibition of anthocyanin accumulation induced by JA-Me was found (Fig. 2, Fig. 4) . Only fructose at a concentration of 3.0% stimulated anthocyanin accumulation induced by JA-Me. After the combined treatment with fructose and JA-Me, the anthocyanin content in the roots increased by approx. 45% (Fig. 3) . The experiment demonstrated that the sugar alcohols, mannitol and sorbitol (0.5% and 3.0%), applied individually had no effect on anthocyanin accumulation in K. blossfeldiana roots. The level of anthocyanins after treatment with sugar , photographed 14 days after treatment.
alcohols was similar to that of the control. The combinations of mannitol (3.0%) and sorbitol (0.5% and 3.0%) with JA-Me reduced the anthocyanin content compared with JA-Me treatment alone (Fig. 5, Fig. 6 ).
Excised roots
We found that the sugars (sucrose, glucose, fructose) and JA-Me at 20 mg l −1 (89.2 µM) used individually did not affect the accumulation of anthocyanins in the excised roots of K. blossfeldiana under natural light conditions in a greenhouse, as presented in Fig. 7 . The sugar alcohols, mannitol and sorbitol (0.5% and 3.0%), used alone and in solution with JA-Me did not affect anthocyanin accumulation. The roots remained creamy like those of the control (morphological observations only). It is interesting to note that sucrose, glucose and fructose applied together with JA-Me induced the accumulation of anthocyanins, but only in the apical parts of the roots (Fig. 7) . 
Discussion
Our research has shown that sugars applied alone to a vegetative organ, the roots of intact K. blossfeldiana plants, had no effect on anthocyanin accumulation. In contrast, several studies have indicated positive effects of sugars on anthocyanin biosynthesis. For example, sugars have been found to induce the biosynthesis and accumulation of anthocyanins in the petals of Petunia hybrida [20] and in the fruits of Vitis vinifera [21] . In the skin of grapes, the expression of anthocyanin biosynthesis genes was stimulated after delivery of sugars [21] . According to Vitrac et al. [22] , several components of general signal transduction pathways, such as Ca 2+ , calmodulin, and protein kinases/phosphatases, were involved in the induction of anthocyanin biosynthesis in V. vinifera by sugar. Also, in transgenic Arabidopsis leaves, treatment with sugars induced the expression of the chalcone synthase gene [23] . Plants of Raphanus sativus treated with sucrose at a concentration of 175 mM gave the best results in the induction of anthocyanins in the hypocotyl system, which proves that sugars transported from the leaves to the hypocotyl can stimulate the biosynthesis of anthocyanins by inducing gene expression in radish. Chalcone synthase (CHS) and anthocyanidin synthase (ANS) were particularly active after treatment with sucrose. Interestingly, the addition of sucrose stimulated lateral root formation [14] .
We found that the kind of sugars used individually had no effect on the anthocyanin content in the roots of K. blossfeldiana. On the other hand, it has been proven that sucrose and glucose are the most effective in the production of anthocyanins in plant cells. However, as osmotic stress signals, sorbitol and mannitol may also induce the biosynthesis of anthocyanins [9, 24] . In non-chlorophyllous corn, sugars like fructose, glucose, and sucrose significantly stimulate anthocyanin induction and are also probably important in the regulation of the anthocyanin biosynthesis gene [25] .
In a culture of grape berries, glucose, fructose and sucrose enhanced the synthesis of anthocyanins. Dai et al. [26] indicated that increased levels of anthocyanins in grape berries were not caused by an increase in the level of their precursor. The amount of phenylalanine decreased by high sugar treatment. Teng et al. [27] investigated the effect of mono-and disaccharides added at a concentration of 100 mM to MS medium on anthocyanin accumulation in Arabidopsis seedlings. Sucrose and maltose greatly stimulated anthocyanin production in the treated plants, but sorbitol did not induce anthocyanin accumulation.
Fructose, glucose, rhamnose, and sucrose were tested for anthocyanin accumulation in cultures of Vitis labruscana 'Olympia' . Almost no effect was observed after adding 2.5% and 10.0% glucose, or 2.5% sucrose to the culture solution, but slight promotion was found following the addition of 2.5% and 10.0% fructose and 2.5% rhamnose, whereas 10.0% sucrose suppressed anthocyanin accumulation [28] .
Sugars and hormones create signaling networks and coordinate many processes involved in plant growth and development [29] . Jasmonates and sugars, especially sucrose, induced the accumulation of anthocyanins and gene expression in, for example, Vitis vinifera [30] , or did not support the production of anthocyanins, as in Melostoma malabathricum [31] . In the literature, there is little information on the interaction of jasmonates and sugars in the biosynthesis of anthocyanins in the roots. There is only a report by Shimizu et al. [32] who found that Gynura bicolor plants cultured in a medium containing 1.5-8.0% sucrose together with JA-Me (25 µM) accumulated anthocyanins in the roots. The anthocyanin content in Gynura roots cultured in 3% and 6% sucrose combined with JA-Me was the highest.
The mechanisms underlying the regulation of anthocyanin synthesis by sugars and JA-Me remain unknown.
In our work, the concentrations of sugars (sucrose, glucose) and sugar alcohols (mannitol, sorbitol) were probably too high for the plants and consequently inhibited the accumulation of anthocyanins induced by JA-Me in the roots of intact K. blossfeldiana plants. This is supported by the fact that sucrose and JA-Me applied individually to the excised roots had no effect, but when supplied together, they stimulated anthocyanin accumulation in the apical parts of those roots. Similar results were obtained with the other sugars, glucose and fructose, used in combination with JA-Me.
Conclusion
It can be concluded that the increase in the level of anthocyanins in the roots of K. blossfeldiana induced by JA-Me may be dependent on the interaction of JA-Me with sugars transported from the stems and leaves to the roots.
